The decapeptide killer peptide (KP) derived from the sequence of a single-chain, anti-idiotypic antibody acting as a functional internal image of a microbicidal, broad-spectrum yeast killer toxin (KT) was shown to exert a strong microbicidal activity against human pathogens. With the aim to exploit this peptide to confer resistance to plant pathogens, we assayed its antimicrobial activity against a broad spectrum of phytopathogenic bacteria and fungi. Synthetic KP exhibited antimicrobial activity in vitro towards Pseudomonas syringae, Erwinia carotovora, Botrytis cinerea, and Fusarium oxysporum. KP was also expressed in plants by using a Potato virus X (PVX)-derived vector as a fusion to the viral coat protein, yielding chimeric virus particles (CVPs) displaying the heterologous peptide. Purified CVPs showed enhanced antimicrobial activity against the abovementioned plant pathogens and human pathogens such as Staphylococcus aureus and Candida albicans. Moreover, in vivo assays designed to challenge KP-expressing plants (as CVPs) with Pseudomonas syringae pv. tabaci showed enhanced resistance to bacterial attack. The results indicate that the PVX-based display system is a high-yield, rapid, and efficient method to produce and evaluate antimicrobial peptides in plants, representing a milestone for the large-scale production of high-added-value peptides through molecular farming. Moreover, KP is a promising molecule to be stably engineered in plants to confer broad-spectrum resistance to phytopathogens.
The search for novel molecules with a wide spectrum of antimicrobial activity against bacterial and fungal pathogens is of challenging interest in human and plant pathology. Phytopathogens are the major cause of crop loss, preventing effective food distribution in the world. With the increased public concern about the use of chemicals for food crops, there is an urgent need to search for alternatives means to protect plants from pathogens. Recent advances in plant biotechnology have driven the development of new strategies for plant protection (29, 43) . In particular, molecular strategies have been adopted which involve the expression in plants of antibacterial proteins of both plant (14, 17, 20, 28) and nonplant (9, 13, 31, 36) origins.
In the attempt to isolate novel potent antimicrobial molecules for therapeutic use, a killer toxin (KT) produced by the yeast Pichia anomala was isolated and characterized for its ability to kill other microorganisms presenting specific cell wall receptors (KT receptors) (24) . Although therapeutically attractive for its wide spectrum of microbicidal activity in vitro against diverse pathogens (Candida albicans, Pneumocystis carinii, and Mycobacterium tuberculosis), KT was found to have no practical use because of its instability in the physiological milieu of mammalian cells as well as its antigenicity and toxicity (32) . In the attempt to find a novel strategy to exploit KT's microbicidal properties, a KT-neutralizing monoclonal antibody (KT4) was used to raise anti-idiotypic antibodies representing the internal image of the KT active domain. These anti-idiotypic antibodies showed effective binding to KT receptors, KT-like microbicidal activity in vitro, and pronounced protective effects in vivo (33, 34) . A single-chain antibody (KTscFvH6) was also obtained from a phage display library derived from animals vaccinated with monoclonal antibody KT4 (25) . KT-scFvH6 showed in vitro and in vivo microbicidal activity against a broad range of pathogens (10, 11, 12, 25) . In the attempt to identify minimal active peptides within the antigen binding region of the scFv antibody for possible therapeutic use, a decapeptide consisting of seven amino acids of framework region 1 and the first three amino acids (Ser, Ala, and Ser) of complementarity-determining region 1 of the immunoglobulin light chain was selected and optimized by single-alanine replacement, yielding the killer peptide (KP) (35) . The selected KP exerted strong microbicidal activity against C. albicans, Cryptococcus neoformans, and Paracoccidioides brasiliensis both in vitro and in vivo. Competition assays suggested that it interacts with a ␤1-3 glucan KT receptor on target microbial cells (8, 35, 47) .
In our work we assayed the in vitro antimicrobial potential of the chemically synthesized KP against important bacterial and fungal phytopathogens. Moreover, to address the problems associated with the efficiency of expression of peptides due to their toxicity and to evaluate the antimicrobial potential of KP against phytopathogens prior to performing plant engineering experiments, we exploited a transient-expression system based on the Potato virus X (PVX) vector (42) . Viral expression vectors based on PVX have been extensively used to transiently express a wide array of different proteins in plants (3, 5, 19, 22, 23, 38, 39, 40) , including an antimicrobial defensin (21, 41) . In particular, the wasabi (Wasabia japonica) defensin was expressed in Nicotiana benthamiana by adopting the so-called "gene insertion" strategy, in which the gene encoding the heterologous protein is cloned as an additional open reading frame into a viral vector.
In the present study we adopted a "peptide display" strategy based on a modified PVX expression vector (26, 44) to obtain high expression levels of the KP decapeptide. To this end, the sequence coding for KP was fused in a PVX expression vector to the 5Ј end of the viral coat protein (CP) gene, generating chimeric virus particles (CVPs) that display the heterologous peptide fused to CP. Purified CVPs were characterized and assayed for antimicrobial activity against different phytopathogenic bacteria and fungi in vitro, showing a higher activity than the chemically synthesized KP. Moreover, in vivo assays designed to challenge KP-expressing plants (as CVPs) with Pseudomonas syringae pv. tabaci showed enhanced resistance to bacterial attack. Our results indicate that the PVX-based display system is a high-yield, rapid, and efficient method to produce and evaluate the activity of antimicrobial peptides in plants and that KP is a promising molecule of potential use for engineering plants with broad-spectrum resistance to pathogens.
MATERIALS AND METHODS
Fungal and bacterial strains. The bacterial and fungal strains used in this study were obtained from the National Collection of Plant Pathogenic Bacteria (NCPPB) (United Kingdom), the German Collection of Microorganisms and Cell Cultures (DMSZ) (Braunschweig, Germany), and the University of Perugia, Italy (DAPP-PG) and included Pseudomonas corrugata (NCPPB 2445), Pseudomonas syringae pv. tomato (NCPPB 2563 and DAPP-PG214), Erwinia carotovora subsp. carotovora (DSMZ 30170), Botrytis cinerea (DSMZ 877), and Fusarium oxysporum (DSMZ 62306). Pseudomonas syringae pv. tabaci (Pt11528) was a kind gift of P. Tavladoraki, University of "Roma Tre," Italy. Candida albicans (UP10) and Staphylococcus aureus (a38) were supplied by L. Polonelli, University of Parma, Italy.
KP and SP decapeptides. The synthesis of KP (AKVTMTCSAS) on the basis of the sequence of scFv H6 and its optimization through alanine scanning have been described in detail elsewhere (35) . A scrambled peptide (SP) (MSTAVSK CAT), containing the same amino acids as KP in a different order, was included as a negative control (35) .
In vitro evaluation of the synthetic peptides and chimeric virus particles. Antibacterial activity was assayed essentially as described previously (37) . Bacterial strains were grown in LB medium to an optical density at 590 nm of approximately 1 and then diluted in phosphate-buffered saline to about 2 ϫ 10 4 CFU/ml. KP or control peptide SP dissolved in PBS was added to the diluted cultures to final concentrations ranging from 5 to 100 g/ml. After 6 h of incubation at 24°C, 50-l aliquots were withdrawn, diluted in LB, and spread on LB agar plates. After overnight incubation at 28°C, the number of surviving bacteria, expressed as CFU, was estimated. Each experiment was performed in triplicate. The 50% inhibitory concentration (IC 50 ) of the peptide was calculated by nonlinear regression analysis of curves obtained by plotting the number of CFU versus log of peptide concentration. Growth inhibition at 50 g/ml peptide was calculated by the following equation: percentage of inhibition ϭ (1 Ϫ number of CFU for KP treated/number of CFU for SP treated) ϫ 100.
Assays with the CVPs were performed as described above. The PVX KP or control PVX SP was added to diluted cultures to final concentrations ranging from 10 to 50 g/ml. Growth inhibition at 50 g/ml concentration was calculated as described above.
Botrytis cinerea and Fusarium oxysporum were grown and maintained on potato dextrose agar (PDA) plates at 26°C. Inhibition of Fusarium spore germination was performed essentially as described previously (9) . Briefly, spores were collected from PDA plates with a sterile loop and resuspended in ultrapure water. The spore suspension was pelleted at 8,100 ϫ g in an Eppendorf microcentrifuge for 10 min at room temperature. Subsequently, spores were washed twice with sterile water and counted using a hemocytometer. The spore suspension was diluted to 400 spores/l, and 1 l of the suspension was added to 100 l of peptide solutions at concentrations ranging from 10 to 100 g/ml and incubated at 26°C. The number of germinating spores was counted using a hemocytometer, and inhibition of germination was calculated as follows: percentage of inhibition ϭ 1 Ϫ (percentage of germination for KP treated/percentage of germination for SP treated) ϫ 100. Alternatively, 40-l aliquots of the spore suspension incubated with the peptide were spread on PDA plates, and after 48 h of incubation at 26°C, germinated spores were counted as CFU.
Inhibition of spore germination in Botrytis was performed as described before (48) . Spore suspensions (100 l) containing 10 3 conidia and increasing concentrations of peptides (10 to 100 M) were incubated at 26°C. After 24 h, the number of germinating spores was evaluated and inhibition of germination was calculated using the above equation.
Antifungal assays with the CVPs were performed essentially as described above. The spore suspension was diluted to 400 spores/l, and a 1-l aliquot of this suspension was added to 100 l of virus solution at different concentrations ranging from 10 to 150 g/ml and incubated at 26°C. The number of germinating spores was counted, and inhibition of germination was calculated as described above.
Alternatively, 40-l aliquots of the above-described spore suspension incubated with the virus were spread on PDA plates, and after 48 h of incubation at 26°C, germinated spores were counted as CFU. To visualize the growth inhibition, 30-l aliquots of the suspension containing 10 3 conidia treated with the virus (10 to 150 g/ml) were dropped at the centers of PDA plates. After incubation at 26°C, growth inhibition was observed as reduced colony radius.
The in vitro candidacidal activity was determined essentially as reported previously (35) . In brief, approximately 150 viable germinating C. albicans UP10 cells, suspended in 10 l of water, were added to 90 l of a solution containing the CVPs at a final concentration of 100 g/ml. After incubation for 6 h at 37°C, the fungal cells were spread on the surface of Sabouraud dextrose agar plates and incubated at 30°C; colony counting was performed after 48 h. In vitro antimicrobial activity against Staphylococcus aureus (a38) was assayed in a bacterial suspension in 1:1 Mueller-Hinton medium-physiological solution. Ten microliters of bacterial suspension was added to 90 l of a solution containing the CVPs at a final concentration of 100 g/ml. After incubation for 4 h at 37°C, the suspensions were dispensed, spread on Müller-Hinton agar plates, and incubated at 37°C. Colony counting was performed after 24 h.
Construction of PVX CP-peptide fusions. The KP sequence was inserted into the coat protein of the variant PVX-Sma virus as an N-terminal in-frame fusion. PVX-Sma is a variant of the PVX-201 virus (5) carrying an N-terminal deletion of 22 amino acids in the CP. The PVX-Sma plasmid, essentially derived from pPVX-201 (5), was used as a vector. Briefly, a double-stranded DNA fragment encoding the KP peptide, with SmaI and NheI ends appended, was obtained by in vitro annealing of two oligonucleotides, 5Ј-CTAGCATGGCTAAAGTCACA ATGACATGTTCAGCTTCA-3Ј and 5Ј-TGAAGCTGAACATGTCATTGTG ACTTTAGCCATG-3Ј. The double-stranded oligonucleotide was inserted between the SmaI and NheI sites of pPVX-Sma, yielding plasmid pPVX-KP. The SP sequence corresponding to the scramble peptide used as a control was also cloned between the SmaI and NheI sites of pPVX-Sma, yielding plasmid pPVX-SP. DNA sequencing analysis of all constructs was performed on an automated DNA sequencer (MWG Biotech), confirming the predicted sequences.
Nicotiana benthamiana plant inoculation and virus analysis. Plants were inoculated with virus carrying plasmid pPVX-KP, pPVX-SP, pPVX-Sma, or pPVX-201 by gently rubbing the surfaces of two leaves per plant with carborundum and distributing on each leaf 20 l of water containing 20 g of plasmid DNA. Upon systemic infection (10 to 12 days after inoculation), the correct expression of the foreign sequence was verified on systemic leaves by reverse transcription-PCR (RT-PCR) and DNA sequencing. Briefly, total RNA was extracted using the RNeasy plant minikit (QIAGEN), and the RT-PCRs were performed using the GeneAmp PCR kit (Perkin-Elmer). The cDNA was synthesized using oligo(dT) 16 as a primer, and PCR was performed with two primers mapping on the region of the PVX genome containing the CP (PVX-back, 5Ј-CTGGGGAATC AATCACAGTGTTGGCTTG-3Ј; PVX-for, 5Ј-TCAGATCGAGACGACTAC GGCAA-3Ј). Sequencing of the RT-PCR products was performed using the PVX-back primer. Stability and infectivity of the recombinant viruses were assayed by performing cycles of reinfection using the sap extracted from systemic leaves of the plants inoculated with plasmid vectors. Briefly, infected tissue (0.2 g) was finely ground in liquid nitrogen, and 100 l of phosphate buffer (PBS, 0.1 M, pH 7) was added. After a 10 min of centrifugation in an Eppendorf microcentrifuge at 20,000 ϫ g and 4°C, the supernatant was recovered and used to inoculate N. benthamiana plants as described above.
The presence of the CVPs in the sap of infected plants was assayed by Western blot analysis. Briefly, the infected plant tissue was harvested and homogenized in 1ϫ PBS containing protease inhibitors ("Complete Mini"; Boehringer Mann-
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on July 7, 2017 by guest http://aem.asm.org/ heim). After two centrifugations at 20,000 ϫ g for 30 min at 4°C, the supernatant was analyzed by sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis. The total soluble protein concentration in the supernatants was quantified using the Bradford colorimetric assay (Bio-Rad). An amount of 5 g of total leaf proteins were analyzed in each lane. Apparent molecular masses were estimated with prestained standards (Rainbow Markers; Amersham). Blotting was performed on a polyvinylidene difluoride membrane (Hybond-P; Amersham), and immunodetection was carried out using the anti-PVX-CP rabbit polyclonal antibody (Adgen Limited, United Kingdom) specific for the coat protein at 5 g/ml, followed by biotinylated anti-rabbit polyclonal antibody and streptavidin-horseradish peroxidase conjugate (Amersham). Signal development was obtained by enhanced chemiluminescence (ECL Plus; Amersham). Virus purification. The chimeric PVX-KP, PVX-SP, and PVX-Sma virus particles were purified from plant tissues with the typical symptoms of systemic viral infection (upper leaves showing chlorotic mosaic with rugose areas) 10 to 12 days after inoculation, as described previously (1) . Briefly, leaf tissues were ground, and the sap was separated from cellular debris by centrifugation. Virus particles were purified on a cesium chloride density gradient (CsCl concentration of 0.43 g/ml) using a Beckman TL100 ultracentrifuge with a TLA 100.4 rotor at 86,000 ϫ g and 4°C for 12 h. The virus suspension was collected, dialyzed against 1ϫ PBS, and stored at Ϫ20°C. The yield of CVPs in the cases of PVX-KP and PVX-SP was in the range of 0.5 to 1.5 mg per 20 g (fresh weight) of leaf tissue. Purified viruses were analyzed by sodium dodecyl sulfate-12.5% (wt/vol) polyacrylamide gel electrophoresis followed by AgNO 3 staining (27) , and quantification was performed spectrophotometrically as described previously (1) . The amount of 20 g of purified virus corresponds to approximately 0.8 g of fused recombinant peptide.
In vivo resistance assays on PVX-infected plants. N. benthamiana plants were inoculated with the pPVX constructs. After 5 days, upper leaves not yet showing systemic viral symptoms were challenged with 50 l of a Pseudomonas syringae pv. tabaci (Pt11528) suspension (10 5 CFU/ml LB medium) by infiltrating bacteria into the lamina with a needleless 5-ml syringe. The syringe was placed on the abaxial side of the leaf in the laminar area between two lateral veins, and the suspension was slowly injected in the intercellular space of the leaf. Inoculum concentration was determined by optical density at 600 nm and confirmed by plating serial dilutions on LB plates. Plants were then grown at 25°C with 16 h of light. After about 8 days, the necrotic zone around the inoculation site was observed and pictures were taken. All necrotic lesions showed an irregular outline, and it was difficult to exactly quantify the area of necrosis. In a separate round of experiments, the bacterial growth in the infiltrated region was quantified, and leaf disks (1-cm diameter) excised within a single infiltrated area from each plant were collected. A total of nine disks were collected from each treatment. The disks were then divided into three sets of three and quickly ground in 500 l LB. Homogenates were plated on LB agar at three different dilutions (10 Ϫ1 , 10 Ϫ2 , and 10 Ϫ3 ). P. syringae colonies were counted after incubation at 28°C for 24 to 48 h. Values are means Ϯ standard errors of the means from three independent experiments.
RESULTS
In vitro assay of the synthetic KP decapeptide. The synthetic KP decapeptide was tested in vitro for its inhibitory activity against several bacterial and fungal phytopathogens. The growth of P. corrugata, P. syringae pv. tomato (NCPPB 1106, NCPPB 2563, and DAPP-PG 214), P. syringae pv. tabaci (Pt11528), and E. carotovora was measured in the presence of KP or its irrelevant control scramble peptide (SP) at different concentrations. In Fig. 1A a comparison of the growth inhibition percentages for all bacterial strains at the concentration of 50 g/ml is shown. The IC 50 s, calculated from the dose-response curves for P. syringae pv. tomato (NCPPB 1106) and P. syringae pv. tabaci (Pt11528), were 32 g/ml and 44 g/ml, respectively, whereas it was 50 g/ml in E. carotovora (Table  1) .
Similar studies were performed in vitro against the fungal pathogens F. oxysporum and B. cinerea. Spore germination in the presence of 50 g/ml of KP showed 50% inhibition for B. cinerea and 62% for F. oxysporum, whereas fungal growth was totally inhibited at 120 g/ml and 100 g/ml, respectively ( Fig.  1B ; Table 1 ).
Fusion of KP and SP sequences to the coat protein of PVX and production of chimeric virus particles in plants. We fused the sequences encoding the KP decapeptide and the SP irrelevant peptide to be used as a control in the antimicrobial assays to the PVX CP-encoding gene ( Fig. 2A) . We used the pPVX-Sma vector, derived from a PVX mutant which was previously isolated in our lab. This stable PVX mutant bears a 5Ј deletion of 66 nucleotides (22 amino (Fig. 2B ) by extracting total RNA and performing RT-PCR using PVX-specific oligonucleotides followed by DNA sequence analysis (data not shown). Modified CPs were highly stable in the format of choice (KP and SP sequences fused at the 5Ј end of the CP) and retained their ability to form CVPs after three cycles of reinfection (data not shown).
Analysis and yield of CVPs.
To study the expression of the recombinant CPs bearing the KP and SP decapeptide fusions, leaves showing systemic infection were harvested 10 days after inoculation with pPVX-KP, pPVX-SP, and the pPVX-Sma displaying no peptide. Total protein extracts from leaves were analyzed by Western blotting using the anti-PVX-CP rabbit polyclonal antibody (Adgen Limited, United Kingdom) followed by biotinylated anti-rabbit polyclonal antibody and streptavidin-horseradish peroxidase conjugate (Fig. 3) . The results indicate the presence of single bands with the expected molecular weight (approximately 23,900) corresponding to KP-CP and SP-CP fusion proteins (lanes 2 and 3, respectively) . The band corresponding to the coat protein of the PVX-Sma virus fusion is lower than those of KP-CP and SP-CP, as expected (lane 1). A protein extract from a noninoculated plant (lane 4) was used as a negative control.
Recombinant PVX-KP and PVX-SP and PVX-Sma viruses were extracted from infected leaf tissues and purified by CsCl density gradients, giving yields in the range of 0.5 to 1.5 mg per 20 g of fresh weight.
In vitro inhibition of bacterial and fungal pathogens by purified chimeric virus particles. Purified PVX-KP virus particles were tested in vitro for inhibitory activity against the bacterial phytopathogens P. corrugata, P. syringae (pv. tomato NCPPB 1106, NCPPB 2563, and DAPP-PG 214), and E. carotovora. In Fig. 4A the growth inhibition percentage at the CVP concentration of 50 g/ml, corresponding to a concentration of approximately 2 g/ml of fused recombinant peptide, is shown. The IC 50 s for P. syringae pv. tomato (NCPPB 1106) and E. carotovora were 24 g/ml and 42 g/ml, respectively, while the IC 50 for P. syringae pv. tabaci was 28 g/ml ( Table 1) .
The inhibitory activity of the peptide-displaying virus particles was also tested against the two human pathogens Candida albicans (UP10) and Staphylococcus aureus (a38), causing growth inhibition of 86% and 80%, respectively, at the concentration of 100 g/ml (Fig. 4A) .
In vitro inhibition studies were also performed against the phytopathogenic fungi F. oxysporum and B. cinerea. Spore germination assays at 50 g/ml of PVX-KP showed 90% inhibition of B. cinerea and 95% inhibition of F. oxysporum (Fig. 4B) . Moreover, the growth of both fungi was totally inhibited at 80 g/ml PVX-KP, corresponding to approximately 3.2 g/ml of fused recombinant peptide (Table 1) .
In vitro activity of the recombinant PVX-KP virus against P. syringae pv. tomato (DAPP-PG 214) was compared to that of chemically synthesized KP. Figure 5 is representative of a CFU assay after incubation with 50 g/ml of reagent. The rate of bacterial killing after 1 h was approximately 99% with PVX-KP, whereas it was 21% with simple KP peptide.
In vivo inhibition of Pseudomonas syringae by plants producing chimeric virus particles. To evaluate the potential resistance to bacterial pathogens, plants infected with PVX-KP and PVX-SP were challenge inoculated with suspensions (10 5 CFU/ml LB medium) of P. syringae pv. tabaci (Pt11528) by infiltrating bacteria into the abaxial side of the leaf with a needleless 5-ml syringe. Chlorotic and necrotic symptoms at 5 days postinoculation are shown in Fig. 6A . Symptoms developed markedly on plants infected with PVX-SP, while PVX-KP-infected plants exhibited reduced areas of necrosis surrounding the point of inoculation. To assess whether the reduced symptoms reflected a reduction in bacterial growth, bacteria in the infiltrated region were quantified. Leaf disks (1 cm in diameter) were collected within a single infiltrated area from each treated plant and were quickly ground in 500 l LB. Homogenates were plated on LB agar at three dilutions (10 Ϫ1 , 10 Ϫ2 , and 10 Ϫ3 ). P. syringae colonies were counted after incubation at 28°C for 24 to 48 h. The results, reported in Fig. 6B , show a 90% reduction in bacterial growth in PVX-KP-infected plants compared to the controls (PVX-SP and PVX-Sma, bearing no peptide fusion). Data from plants infiltrated with just H 2 O show no bacterial growth, excluding any possible bacterial contamination from the leaves.
DISCUSSION
The KP peptide derived from an anti-idiotypic scFv has potent antimicrobial activity against different fungal animal pathogens, such as C. albicans, C. neoformans, and P. brasiliensis (8, 35, 47) . In this work we assayed the efficacy of this peptide in inhibiting the growth and spore germination of important fungal and bacterial phytopathogens. The synthetic decapeptide showed strong activity against different isolates of Pseudomonas syringae and Erwinia carotovora, as well as a weaker but still significant inhibitory effect against the phytopathogenic fungi B. cinerea and F. oxysporum. Such a broadspectrum activity has been reported for only a few classes of antimicrobial peptides. In fact, the expression in plants of natural antimicrobial peptides, such as barley ␣-or ␤-hordo- thionin (15), barley ␣-thionin (7), horseshoe crab tachyplesin (2), or cecropin B (16), conferred only weak resistance to a limited range of bacteria and fungi. More encouraging results were obtained with the synthetic chimeric cecropin-melittin cationic peptide (31) , which exhibited a broader spectrum of antimicrobial activity. In our work the synthetic KP decapeptide was demonstrated to posses an antibacterial activity similar to that reported for other plant defensins (30, 45, 46) but lower those of the cecropin-melittin chimera (13) or the synthetic analogue of magainin, MSI 99 (31). Furthermore, in spore germination assays against the phytopathogenic fungus F. oxysporum, KP showed inhibition levels similar to those reported for MSI 99 (9) . Therefore, the KP peptide has efficacy against both animal and plant pathogenic bacteria and fungi. This broad-spectrum activity could be explained by taking into account the molecular target of KP. In fact, it has been demonstrated that the decapeptide interacts with specific cell wall constituents common both in bacteria and fungi, such as the ␤-1,3-glucan laminarin (35). Many attempts to overexpress antimicrobial peptides in transgenic plants failed as a consequence of their toxicity or low expression yields, proving in many cases to be ineffective to enhance resistance against pathogens (18) . Viral vector-based transient-expression systems have proved to be a useful alternative to stable genetic transformation. Therefore, we used an epichromosomal expression system to produce large quantities of the antimicrobial KP peptide and rapidly evaluate possible unintended effects in plant cells.
It was previously demonstrated that the N terminus of the PVX coat protein is exposed to the surface of the virion with the first 33 amino acid residues of CP, forming a ␤-strand (4). Consequently, PVX represented a good candidate carrier for foreign peptides, as it self-assembles in an ordered fashion and accumulates to high levels in infected tissues. In addition, it does not reveal size and packaging constraints usually found in icosahedral viruses. Hence, the decapeptide was transiently 5 . In vitro activity of the recombinant PVX-KP virus against P. syringae pv. tomato DAPP-PG 214 compared to the chemically synthesized KP decapeptide. Growth inhibition was monitored counting the number of surviving bacteria (CFU) at different incubation times. After incubation for 1 h with 50 g/ml of PVX-KP, the rate of bacterial killing was 99%, whereas with KP decapeptide (50 g/ml), the killing rate was 21% at 1 h and reached 92% after 4 h. It should be noted that the concentration of 50 g/ml of PVX-KP corresponds to a theoretical concentration of fused peptide of 2 g/ml. As negative controls, bacteria were incubated either with PBS, with the chemically synthesized SP scramble peptide, or with the PVX-SP virus displaying the scramble peptide. Values for each time point are means of triplicate determinations Ϯ standard errors of the means.
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what was reported for the antimicrobial wasabi defensin expressed via a PVX-derived vector in an additional open reading frame configuration (21) , which exhibited low expression and purification levels (40 g per 100 g of infected tissue). Notably, our system can be further refined for the production of free peptides by simple digestion of the purified virus particle with the appropriate proteolytic enzyme.
The main constraints to this whole approach are the general low stability and infectivity of the chimeric virus particles carrying exogenous sequences fused at the N terminus of CP, traits that depend mainly on the fused sequence length and amino acid composition (6) . However, in this work we demonstrate that the two PVX constructs (pPVX-KP and pPVX-SP) retain both viral stability and infectivity even after three rounds of reinfection. Therefore, the additional fusion sequences seem not to interfere with virus assembly or with cell-to-cell movement. Moreover, analysis of the infected plant extracts shows that the CP of the recombinant virus is present as a single band on Western blots, indicating its stability to protease degradation.
The in vitro antimicrobial activity of the KP-displaying PVX chimeric virus assayed against both bacteria and fungi was surprisingly high compared to that of the synthetic KP at equimolar concentrations. The significantly higher efficacy observed for the virus-fused peptides could be explained taking into account a higher stability of the fused KP in solution (less aggregation or protease digestion and highly ordered display of peptides by the viral carrier) with respect to the chemically synthesized peptide.
The in vivo antimicrobial activity of PVX-KP chimeric virus particles assayed against P. syringae pv. tabaci in N. benthamiana plants showed a strong protection against bacterial disease. Whatever the mechanism, it can be hypothesized that the PVX-engineered KP functionally exerts the antimicrobial activity in the intercellular space, inhibiting the early stages of P. syringae growth.
On the basis of the results presented here, we provide a promising field of evidence to widen the spectrum of antimicrobial activity of the KP decapeptide from animal to plant pathogens. We also introduce the concept of biological synthesis of antimicrobial peptides through the PVX-based display system for both mass production and evaluation of protective effects in plants. Of particular interest is the potential use of the KP decapeptide to engineer plants with broad-spectrum resistance to pathogens. FIG. 6 . In planta assays. N. benthamiana plants were inoculated with the viral constructs pPVX-KP, bearing the killer peptide, and pPVX-SP, bearing the irrelevant scramble peptide as a control. After 5 days, the upper leaves of these plants were challenge infiltrated with diluted cultures of P. syringae pv. tabaci (Pst) (10 5 CFU/ml LB medium) by infiltrating bacteria into the lamina with a needleless 5-ml syringe. (A) Representative pictures of the chlorotic and necrotic symptoms observed after 8 days from the infiltration experiments conducted with P. syringae pv. tabaci (top). The symptoms appear weaker with pPVX-KP-inoculated plants than with pPVX-SP-inoculated plants, used as negative controls. Mock-infiltrated plants (H 2 O), used as negative controls (bottom), show no necrotic area, as expected. (B) The number of surviving bacteria following the leaf infiltration with P. syringae was determined. Leaf disks (1-cm diameter) were collected within a single infiltrated area from each treated plant and were quickly ground in 500 l LB. Homogenates were plated on LB agar at three dilutions (10
Ϫ1
, 10 Ϫ2 , and 10 Ϫ3 ). P. syringae colonies were counted after incubation at 28°C for 24 to 48 h. A reduced number of surviving bacteria is observed in the PVX-KP-infected plants compared to plants infected with PVX-SP and PVX-Sma, lacking the peptide, used as controls. A plant not infected with virus (N.I.) but infiltrated with P. syringae was also used as a control. Data for plants infiltrated with distilled water are also reported (H 2 O). Values are means Ϯ standard errors of the means from three independent experiments. 
